Abstract. We present experimental results concentrating on a variety of phenomena in 1 the high latitude ionosphere F2 layer induced by an extraordinary (X-mode) HF pump wave at 2 high heater frequencies (fH = 6.2 -8.0 MHz), depending on the pump frequency proximity to the 3 ordinary and extraordinary mode critical frequencies, foF2 and fxF2. The experiments were 4 carried out at the EISCAT HF heating facility with an effective radiated power of in October 2012 and October -November 2013. Their distinctive feature is a wide diapason of 6 critical frequency changes, when the fH /foF2 ratio was varied through a wide range from 0.9 to 7 1.35. It provides both a proper comparison of X-mode HF-induced phenomena excited under 8 different ratios of fH /foF2 and an estimation of the frequency range above foF2 in which such X-9 mode phenomena are still possible. It was shown that the HF-enhanced ion and plasma lines are 10 excited above foF2 when the HF pump frequency is lying in a range between the foF2 and fxF2, 11 foF2 ≤ fH ≤ fxF2, whereas small-scale field-aligned irregularities continued to be generated even 12 when fH exceeded fxF2 by up to 1 MHz and an X-polarized pump wave cannot be reflected from 13 the ionosphere. Another parameter of importance is the magnetic zenith effect (HF beam/radar 14 angle direction) which is typical for X-mode phenomena under fH /foF2 >1 as well as fH / foF2≤ 15 1. We have shown for the first time that an X-mode HF pump wave is able to generate strong 16 narrow band spectral components in the SEE spectra (within 1 kHz of pump frequency) in the 17 ionosphere F region, which were recorded far away from the HF heating facility. The observed 18 spectral lines can be associated with the ion acoustic, electrostatic ion cyclotron, and electrostatic 19 ion cyclotron harmonic waves (otherwise known as neutralized ion Bernstein waves). It is 20 suggested that these spectral components can be attributed to the stimulated Brillion scatter 21 (SBS) process. The comparison between the O-and X-mode narrow band spectra clearly 22 demonstrated that only an X-polarized pump wave scattered by SBS can propagate more than 23 one thousand km without significant deterioration. 24 25
1.
Introduction 28
29
HF pumping experiments in the ionospheric F-region are most commonly conducted with 30 the use of high-power HF radio waves with ordinary polarization (O-mode). An O-polarized HF 31 pump wave effectively interacts with the background ionosphere plasma in the F2 layer in the 32 region between the HF reflection height and upper hybrid resonance altitude leading to the 33 excitation of thermal parametric (resonance) and parametric decay instabilities, which produce a 34 wide variety of phenomena (see, for example, Erukhimov et al., 1987; Robinson, 1989; Stubbe, 35 1996; Gurevich, 2007 and references therein). As for an X-mode HF pump wave, it does not 36 match the resonance altitudes and, therefore, should not excite the thermal parametric 37 (resonance) instability (TPI) as well as the parametric decay instability (PDI). However, an X-38 polarized HF pump wave can produce the differential ohmic heating on electrons (Gurevich, An X-polarized HF pump wave cannot match the resonance altitude thus only an O-mode 44 wave is able to generate small-scale field-aligned artificial irregularities (FAIs). Indeed, EISCAT 45 HF heating experiments have demonstrated that at a heater frequency of fH = 4.544 MHz, which 46 was below the maximum plasma frequency foF2, the change of polarization to X-mode led to the 47 effects depending on the ratio of heater frequency to the maximum plasma frequency from fH 157 /foF2 = 0.92 to fH / foF2 = 1.2 in the same experiment for the same background geophysical 158 situation. By contrast, an X-mode heating caused the strong apparent electron density 173 enhancements by 50-70% above the background Ne values, observed up to 600 km (see Fig.1a  174 and d). Such apparent Ne increases are a typical feature of X-mode heating at different heater 175 frequencies from EISCAT UHF radar observations (Blagoveshchenskaya et al., 2011a; . 176
They can be accompanied by HF-enhanced ion and plasma lines (HFILs and HFPLs) in the UHF 177 radar spectra but not in all experiments. In the course of the experiment on 3 November 2013 not 178 too strong enhanced ion and plasma lines were observed in the first three X-mode pulses in the 179 altitude range of 220 -250 km, which did not allow the use of the standard analysis of the radar 180 spectra to get accurate Ne estimations. The Ne behavior at fixed heights (Fig. 1d) is given from 181 the altitude of 390 km, which is well above the altitude region occupied by HF-enhanced ion andplasma lines. In the last three heater pulses HFILs and HFPLs were not excited at all and 183 therefore accurate estimations of the electron densities and temperatures can be performed in a 184 wide altitude range. However, the same Ne enhancements occurred even when the pump 185 frequency exceeded the fxF2 from 17.30 UT (fH > fxF2). As was shown by Kuo et al. (2010) , an 186 X-mode HF pump wave moves the ionospheric F-region upward. The origin of apparent strong 187
Ne enhancements observed under X-mode HF pumping at different heater frequencies is not yet 188 understood. In principle, the accelerated electrons could produce the enhanced ionization 189 were excited both for O-and X-mode HF pumping, but the intensity of the X-mode FAIs was 204 about 4 -6 dB below that of the O-mode FAIs. This differs from effects observed at lower heater 205 frequencies (fH ≤ 5.4 MHz), when X-mode FAIs were not generated at all at heater frequencies 206 below foF2 (Robinson et al., 1997) . 207
From 17 -18 UT the critical frequency foF2 dropped from 5.9 to 5.2 MHz (fH / foF2 = 208 1.05 -1.19). In such conditions the O-mode effects are impossible and only X-mode HF 209 pumping was produced. As the foF2 values decreased, at first FAIs with l⊥ ≈ 8 m, and thereafter 210 with l⊥ ≈ 9 m disappeared (see Fig. 2 ). Small-scale irregularities with a transverse size of 11.5 m 211 were excited to 18 UT even when the fH became above the fxF2 and an X-mode pump wave 212 cannot be longer reflected from the ionosphere. Moreover, their intensity, when fH / foF2 = 1.05 213 -1.19 was higher when compared with the case before 17 UT under fH / foF2 = 0.92 -1.05. 214 215
Experiment on 28 October 2013 216
The experiment was carried out from 15.30 -18 UT when the critical frequency foF2 217 decreased over a wide range from 7.6 to 5.3 MHz. An X-polarized HF pump wave was radiated 218 at a heater frequency of 6. the observed phenomena and an estimation of the frequency band above foF2 in which such X-232 mode phenomena are generated. The behavior of the undecoded downshifted plasma line power,the altitude distribution of the plasma line intensity, the raw electron density, and the critical 234 frequency foF2 in the course of the experiment of 28 October 2013 are depicted in Figure 3 . The 235 raw electron density is defined as the backscattered power of radar signal which points to the 236 generation of the ion lines in the radar spectra. As is evident from Fig.3 , the intense HF-237 enhanced plasma and ion lines were excited through the whole heater cycle on the interval 238 between 15.30 -16.45 UT. At first the heater frequency was below or near foF2 (fH ≤ foF2) and 239 then lay in the frequency range between the ordinary and extraordinary mode critical frequency, 240 foF2 (foF2 < fH ≤ fxF2). An important point is that HF-induced plasma lines disappeared in the 241 first part of heater-on cycle from 16.46 -16.56 UT where the heater frequency exceeded the 242 fxF2, fH > fxF2 (see Fig.3 a, b) . Remember, that fxF2 = foF2 + fce/2 ≈ (foF2 + 0.7) MHz, where 243 fce is the electron gyrofrequency. The disappearance of HFPLs was accompanied by a change in 244 the behavior of the backscattered power and therefore HF-enhanced ion lines (Fig. 3c) , which 245 became much weaker and had a random character. 246
We also compared the behavior of ion and plasma line spectra for X-mode pumping 247 under different ratios of the heater frequency to the critical frequency of the F2 layer (fH / foF2 < 248 1 and fH / foF2 > 1). The procedure for obtaining the spectra is the same as described by 249 Blagoveshchenskaya et al. (2014) . possible to make such a comparison between two heater pulses of different durations obtained 255 from two different experiments under different background conditions. As is obvious from Fig.  256 4, the altitude distribution of the downshifted ion line power exhibits two power maxima 257 observed both under fH / foF2 < 1 (Fig. 4a) and fH / foF2 > 1 (Fig. 4b) . The HF-enhanced ion andplasma lines were generated over a wider range of heights when fH / foF2 > 1 as compared with 259 the event under fH / foF2 < 1. where fR is the radar operational frequency, and c is a speed of light) the size of FAIs 264 perpendicular to the magnetic field l⊥ responsible for the backscatter was about l⊥ ≈ 9, 8, and 7.5 265 m respectively. As is seen from Fig. 5 , the artificial field-aligned irregularities were generated 266 throughout the experiment both when fH / foF2 < 1 and fH / foF2 > 1. 267
The artificial small-scale field-aligned irregularities were observed together with HF-268 enhanced ion and plasma lines. However, FAIs with l⊥≈ 9 and 8 m persisted to the present even 269 when HF-induced plasma lines disappeared. This occurred when fH exceeded fxF2 and an X-270 polarized pump wave can no longer be reflected from the ionosphere, whereas the larger scale of 271
FAIs in this experiment with l⊥≈ 9, accompanied by apparent electron density enhancements, 272
were generated up to the end of experiment (18 UT), when the values of foF2 dropped to 5.3 273
MHz, showing that the heater frequency was above the foF2 by 1.7 MHz. 274
CUTLASS Hankasalmi radar measurements have demonstrated that at high heater 275 frequencies (fH > 6.0 MHz) in the afternoon and evening hours the X-mode FAIs with size of l⊥≈ 276 7.5 -11.5 m were excited when the fH / foF2 < 1 as well as fH / foF2 > 1. Moreover, they can 277 even be excited under fH > fxF2 up to 1 MHz. This differs from the X-mode FAIs at low heater 278 frequencies (fH ≤ 5.4 MHz), which cannot be generated, when heater frequencies lie below foF2. 279
However, such FAIs with l⊥≈ 11.5 -15 m were excited above the foF2 by 0.1 -1.2 MHz 280 (Blagoveshchenskaya et al. 2013 ). There is also a significant difference in the decay times for X-281 mode FAIs excited at high and low heater frequencies. The FAI decay time at fH > 6.0 MHz (see 282
Figs. 2 and 5) did not exceed 3 min in the evening hours whereas it can reach the unusually long 283 values of 15 -20 min at low heater frequencies between 3.95 -5.423 MHz (Blagoveshchenskaya 284 et al. 2011; . In spite of the fact that the generation of FAIs induced by an X-polarized high 285 power HF radio wave is a repeatable and easily reproducible feature from EISCAT heating 286 experiments, the mechanism of their excitation is still remains poorly studied. Mention may be 287 made of the process of stimulated scattering of an X-mode powerful radio wave by ions with the 288 upper-hybrid or electron-cyclotron oscillations excited in the plasma (Vas'kov and Ryabova, 289 1998). Intense Langmuir waves can also generate FAI with a broad spectrum due to the 290 filamentation instability (Kuo and Schmidt, 1983) . However, for the small-scale FAIs excited, 291 when high-power X-mode HF radio wave did not reflect from the ionosphere (fH > fxF2), the 292 most plausible mechanism for their generation could be closely related to and driven by the HF-293 induced large-scale artificial irregularities. An X-polarized HF pump wave heats the F-region of 294 the ionosphere through collision processes more effectively as compared with the O-mode HF 295 pumping (Kuo et al., 2010) . The artificial large-scale irregularities are formed at the heater 296 frequencies above and below the foF2 by the growth of a self-focusing instability of an HF pump 297 wave beam (Gurevich, 1978 ; Vas'kov and Gurevich, 1979) . 298 The X-mode pulses did not exhibit any defined spectral components offset from one to tens kHz 434 from the heater frequency, but the X-mode SEE spectra were very noisy as compared with the O-435 mode spectra. The generation of a DM component for O-mode pumping was accompanied by 436 strong small-scale artificial field-aligned irregularities (FAIs). In such conditions X-mode FAIs 437
were also excited but their intensity was weaker as compared with O-mode FAIs.
In subsequent experiments on 27 and 28 October 2013, the HF receiving system, which 439 line can be attributed to the electrostatic ion cyclotron wave. The intensity of this spectral 483 emission was only 5 -15 dB less than the HF pump wave intensity. As was shown in Section 484 3.1.2, at pump frequencies lying above the extraordinary critical frequency fxF2, HF-enhanced 485 ion and plasma lines are not excited. However, even when fH > fxF2, some sporadic burst-like 486
HFILs can be seen from UHF radar observations (see Fig. 3 ). The X-mode FAIs were generated 487 up to 18 UT (see Fig. 5 ). Intense HF-enhanced ion and plasma lines (HFILs and HFPLs) in the UHF radar spectra, 514 which are the typical signatures of ion-acoustic and Langmuir waves, were excited through the 515 HF pump pulse under different ratios of heater frequency to the maximum plasma frequency (fH / 516 foF2≤ 1 and fH /foF2 >1). The generation of the HFILs and HFPLs above foF2 occurred in the 517 frequency range between the ordinary and extraordinary mode critical frequencies, foF2 ≤ fH ≤ 518
fxF2. An important point is that HF-induced plasma and ion lines disappeared when the heater 519 frequency exceeded the fxF2 and an X-polarized pump wave can no longer be reflected from the 520 ionosphere. 521 HF-enhanced ion and plasma lines were accompanied by the generation of small-scale 522 artificial field-aligned irregularities (FAIs) with a spatial size across the geomagnetic field of l⊥ ≈ 523 7.5 -9 m. An unexpected feature in the FAI behavior is their generation under conditions when 524 the X-mode wave cannot be reflected from the ionosphere (fH exceeded fxF2) and HF-enhanced 525 plasma and ion lines were not excited. Under such conditions FAIs were accompanied by 526 apparent electron density enhancements and the electron heating increased by 50% from the 527 background values. In spite of the fact that the generation of X-mode FAIs is a repeatable feature 528 from EISCAT heating experiments, the mechanism of their excitation remains poorly studied. 529
Mention may be made of the process of stimulated scattering an X-mode powerful radio wave by 530 ions (Vas'kov and Ryabova, 1998) and intense Langmuir waves which can also generate FAI 531 with a broad spectrum due to the filamentation instability (Kuo and Schmidt, 1983) . However, 532
for the FAIs excited under fH > fxF2, the most plausible mechanism of their generation could be 533 closely related to and driven by HF-induced large-scale artificial irregularities. 534
The magnetic zenith effect was found in the behavior of the X-mode HF-enhanced ion 535 and plasma lines. X-mode pumping experiments under different pointing directions of the HF 536 antenna beam (90, 84 and 77°) have demonstrated that the most intense HF-enhanced ion and 537 plasma lines were observed when the high-power HF electromagnetic wave was transmitted 538 towards the magnetic zenith (77°). Experimental results from an elevation angle stepping of the 539 EISCAT UHF radar between 72 and 90° have also shown that at heater frequencies above the 540 critical frequency foF2 the most intense HF-enhanced ion (upshifted, downshifted and 541 nonshifted) and plasma lines were generated when the UHF radar was pointing field-aligned. 542
Such HF-enhanced ion and plasma lines are indicative of the parametric decay instability (PDI) 543 and oscillating two stream instability (OTSI) excited above foF2. The same is true for the 544 apparent electron density enhancements observed from the EISCAT UHF radar observations. 545
We have presented the first experimental evidence showing that an extraodinary (X-546 mode) powerful HF radio wave is able to generate different narrow band spectral components in 547 the SEE spectra (within 1 kHz of pump frequency) in the F region of the high latitude 548 ionosphere, which were recorded far away from the HF heating facility. The observed X-mode 549 spectral lines can be associated with the ion acoustic (IA), electrostatic ion cyclotron (EIC), and 550 electrostatic ion cyclotron harmonic waves (otherwise known as neutralized ion Bernstein 551 waves). It has been suggested that these spectral components can be attributed to the stimulated 552 In spite of the fact that excitation of intense X-mode HF-induced phenomena in the F-562 region of the high latitude ionosphere is a repeatable and easily reproducible feature from 563
EISCAT heating experiments, many aspects of the nonlinear interaction between an X-polarized 564 HF pump wave and the ionosphere plasma are still remain poorly understood and require further 565 theoretical as well as experimental research. Among the theoretical aspects we would like to 566 point out the following. 567 HF-enhanced ion and plasma lines in the incoherent radar spectra are indicative of the 568 parametric decay instability, but it is not clear through what mechanism an X-mode pump wave 569 can excite the PDI and even OTSI, especially taking into account that the X-mode HF-induced 570 ion and plasma lines are much higher intensity, as compared with the O-mode effects, are 571 observed through the whole HF pump pulse and coexist with strong artificial small-scale field-572 aligned irregularities. 573
The generation mechanisms of small-scale artificial field-aligned irregularities needs 574 validation, particularly for FAIs excited when the heater frequency exceeds the fxF2 and an X-575 polarized pump wave cannot be reflected from the ionosphere. 576
Strong apparent Ne enhancements from EISCAT UHF radar measurements are typical for 577 X-mode pumping and are observed as often as the Te enhancements under the action of O-578 polarized HF pump waves. They occurred along the magnetic field line in a wide altitude range 579 whether the HF-enhanced ion and plasma lines were excited or not. The origin of such apparent 580
Ne enhancements under X-mode HF pumping at different heater frequencies is not yet 581 understood and needs the clarification. In principle, the accelerated electrons can produce the 582 enhanced ionization. Hence, an efficient mechanism of the electron acceleration induced by an 583 X-polarized pump wave should be found. 584
In closing, we list desirable experiments to be carried out in future for better 585 understanding the unusually strong phenomena in the F-region of the ionosphere induced by an 586 X-polarized HF pump wave. It is known that significant changes of phenomena, excited near the 587 upper hybrid resonance altitude and the reflection height of the ordinary (O-mode) HF pump 588 wave, occur when the HF pump frequency is lying in the vicinity of the electron gyro harmonic 589 frequency. HF-induced effects in the vicinity of the electron gyro harmonics have been 590 extensively studied at different HF heating facilities. It will be interesting to investigate the 591 electron gyro harmonic effects under an X-mode HF pumping into the F-region of the 592 ionosphere for different numbers of electron gyroharmonics. There is also a need to find out the 593 
